The accurate performance evaluation of a cutterhead is essential to improving cutterhead structure design and predicting project cost. Through extensive research, this paper evaluates the performance of a tunnel boring machine (TBM) cutterhead for cutting ability and slagging ability. This paper propose cutting efficiency, stability, and continuity of slagging as the evaluation indexes of comprehensive cutterhead performance. On the basis of research of true TBM engineering applications, this paper proposes a calculation method for each index. A slagging efficiency index with a ratio of the maximum difference between the slagging amount and average slagging is established. And a slagging stability index with a ratio of the maximum slagging fluctuation and average slagging is presented. Meanwhile, a cutting efficiency index by the weighed average value of multistage rock fragmentation of a cutter's specific energy is established. The Robbins and China Railway Construction Corporation (CRCC) cutterheads are evaluated. The results show that under the same thrust and torque, the slagging stability of the CRCC scheme is worse, but the slagging continuity of the CRCC scheme is better. The cutting ability index shows that the CRCC cutterhead is more efficient. 
Introduction
A full-face rock tunnel boring machine (TBM) is a kind of large-scale construction machinery specially used for excavation of underground passage works. It is used widely in subway, railway, highway, municipal, and hydropower projects [1] . It has the advantages of fast excavation, high quality, safety, economy, environmental protection, and reduced labor intensity [2] . The cutterhead system is the core working part of full-face rock TBM, which breaks the rock and supports the tunnel face. The TBM cutterhead is a key component affecting driving performance and efficiency [3] . The evaluation of tunneling performance is an important basis for the design of the cutterhead. TBM tunneling efficiency parameters include driving speed, construction schedule, cutter wear, and machine utilization rate [4] . At present, scholars have proposed a variety of prediction models, including a single-factor prediction model, a comprehensive prediction model, and a fuzzy neural network model. The single-factor prediction model is aimed only at driving speed. On the basis of the data of hard rock (uniaxial compressive strength is 140-200 MPa), Graham [5] proposed the prediction equation of driving speed. On the basis of the data of sedimentary rock, Farmer et al. [6] proposed the prediction equation of driving speed. Hughes [7] presented the forecasting equation of tunneling speed; Nelson [8] predicted an equation for TBM performance in shales, sandstones, and limestones; and O'Rourke [9] predicted equations based on metamorphic data. The Norwegian University of Science and Technology [10] proposed the Norwegian Institute of Technology (NTNU) prediction model, an empirical model of the TBM that covers driving speed, wear of the cutters, utilization rate of the boring machine, and cost estimation. The Colorado School of Mines (CSM) [11] proposed a comprehensive prediction model based on the measurement of the cutters thrust in different types of rock.
Xia et al. [12, 13] studied the performance of cutter ring under different working conditions. Entacher et al. [14, 15] studied the changing law of cutter load by installing sensors on cutter for different tunneling and analysis. Hassanpour et al. [16] developed new equations to predict the performance of hard-rock TBMs in carbonateargillaceous rocks. Gehring [17] conducted research on the influence of TBM design and machine features on performance and tool wear in rock. Hamidi et al. [18] also conducted performance prediction of hard-rock TBMs using the rock mass rating system. Hassanpour et al. [19] introduced a regression model for hard-rock TBM performance prediction. Farrokh et al. [20] studied various models used to estimate the penetration rate of hard-rock TBMs. Moradi and Farsangi [21] predicted the advance rate in rock TBM tunneling using the risk matrix method. Ghasemi et al. [22] developed a fuzzy logic model to predict the penetration rate of hard-rock TBM based on rock properties. This algorithm provides an iterative method that simulates mass interactions, and it moves through a multidimensional search space under the influence of gravitation. Huo et al. [23] [24] [25] [26] studied on the vibration of the TBM cutter head and the fatigue damage of the cutter head under the multi space load. Tao et al. [27] described a hybrid approach that integrates all kinds of investigation methods in real and virtual environments to evaluate the sitting posture comfort in a human-vehicle system. Wang et al. [28] proposed a novel wheel rum center method to evaluate suspension performance.
Scholars mainly used the field test, the similar model test, and numerical simulation and other technical means to study the rock fragmentation mechanism, the breaking random load, and the plane layout of the cutters. The evaluation of cutterheads, however, lacks a systematic and comprehensive theoretical approach, a specific index, and an index of calculation model, which evaluates primarily from a single aspect but with comprehensive multiple factors. Therefore, this paper built a systematic multihierarchical evaluation system of TBM cutterheads and individually completed an evaluation of each index, which provided a theoretical foundation to improve the driving speed, prolong cutter life, and reduced the cost of TBM.
Configuration Performance Evaluation System of TBM Cutterheads

Performance Evaluation Model
A reasonable performance evaluation of TBM cutterhead is of great importance to improve driving speed, improve the life of the cutterhead and cutters, reduce mining cost, and reduce the vibration of the boring machine. To establish a better performance evaluation system of the cutterhead, scholars toured the construction site and enterprise to understand the failure of the TBM cutterhead during construction as well as the requirements and difficulties faced in manufacturing. As shown in Figure 1 , construction tunneling and slagging was found to be the main function of the TBM cutterhead, and these two functions directly affect the cutterhead's efficiency and service life. According to this situation, this paper takes cutting efficiency, slagging efficiency, and slagging stability as indexes to establish a multihierarchical evaluation system, as shown in Figure 2 .
Evaluation of Cutterhead Slagging Ability
The mucking slot needs to discharge broken rock debris in a timely fashion. The unreasonable design of mucking slots can lead to discharge capacity failing to meet broken rock volume requirements, which causes rock ballast to continuously accumulate in the driving interface, leading to the cutterhead not working normally. Because the rock ballast is produced in the excavation process in discrete blocks, its mechanical characteristics are different from the conventional research objects in mechanical engineering research. Thus, it is difficult to simulate the TBM tunneling process through common finite element software, such as ANSYS, DYNAFORM, and ABAQUS. According to the characteristics of discontinuous medium, we study the dynamics and kinematics behavior of the mucking slot using the discrete element software PFC3D. During the TBM cutterhead process, because of the limitation of the cutterhead space and the rotation of the cutterhead, it is impossible for mucking slots to achieve continuous slag discharge. This causes the driving interface to always have residual rock slag, which in turn makes contact continuously with the cutterhead surface and cutters. This severe contact may cause wear of the cutterhead surface and abnormal damage to the cutters. Timely rock slag discharge is relevant to the degree of fluctuation of the amount of the rock slag. As noted, TBM cutterhead slagging performance should follow two evaluation criteria: slagging continuity and slagging stability.
Slagging Continuity Criteria
In the process of TBM, the amount of broken rock in unit time is Q B (t), and the amount of slagging in unit time is Q D (t). So, the discharging efficiency is the ratio of the maximum difference between slagging amount and tunneling amount and average slagging:
(1)
In the tunneling process of TBM, the whole cutterhead advances forward, but the area of the tunneling face and the cutterhead surface remains basically the same. Therefore, the amount of rock breaking in the unit time can be calculated by the following formula:
where is loose square coefficient of rock, D is the diameter of TBM cutterhead, v r is the revolving speed TBM cutterhead, and h is penetration of TBM cutterhead.
where v is the driving speed of the cutterhead.
Slagging Stability Criteria
When the amount of broken rock is constant, the maximum slagging in unit time is Q Dmax (t), the minimum slagging in unit time is Q Dmax (t), and the average unit slagging is Q D (t) . So, the slagging stability index is the ratio of the 
Evaluation of Cutterhead Cutting Ability
Evaluation Model of Cutting Efficiency
TBM tunneling efficiency determines whether the method is economical and reasonable, and whether it can be used for rapid excavation. Therefore, the evaluation of the tunneling efficiency is an important basis for cutterhead design. The energy consumption of the cutter is an important parameter to evaluate the cutting ability of the TBM cutterhead. In this paper, we use the average specific energy of the whole process of the cutting rock as the index of cutting efficiency. Gertsch and Ozdemir have studied the breaking specific energy and proposed the simplified formula for calculation of specific energy [29] :
where F R is rolling force, S is cutter spacing, P is cutting depth, d is rolling distance, and A is rock crushing area below the cutter.
It is evident that the key to calculating the cutting specific energy by Eq. (6) is to accurately predict the amount of rock breaking and the load of the hobbing cutter in the process of crushing rock. Because of changes in the amount of rock breaking and the load of the hob during the rock-breaking process, in the past, the formula used to calculate rock-breaking load has not reflected the problem. In this paper, on the basis of dense core theory, we summarize a multicutter rock-breaking process and establish the compound space rock fragmentation load prediction of the cutter group, which provides the theoretical basis to calculate the evaluation index according to the actual situation of the TBM cutterhead. The specific process is shown in Figure 3 .
According to the actual situation of the knife dish, this paper proposes an evaluation model of the cutting efficiency evaluation index. We established the cutterhead's cutting efficiency evaluation index based on the weighed average value of the specific energy of cutters under the condition of the whole tunnel. We evaluate the cutting ability of the TBM cutterhead, as shown in Eq. (7):
where ξ i is the proportion of rock and soil in the whole tunnel, m is the number of types of cutter, n is the number of each cutter, and SE ij is the entire rock breaking stage of the average.
In the process of rolling rock with disc cutters, vertical force is much larger than rolling force, but its work distance is small. Generally, the cutter thrust specific energy is ignored, and the rock-breaking specific energy of the cutter is primarily the rolling ratio energy. Thrust is an important factor in determining the specific energy of the cutter. Under the action of a small thrust, the rock will not be broken, and then the research of specific energy would be meaningless.
Multistage Space Rock Fragmentation Load Prediction of the Cutter Group
To accurately calculate the energy consumption of the cutters, an accurate model of the cutter's stress is needed. The TBM cutterhead is equipped with different types of cutting tools. According to the different installation positions, they can be divided into center cutter, inner cutter, and gauge cutter. The center cutter is located in the center of the cutterhead, the outward position is the inner cutter, and the gauge cutter. The layout of different types of disc cutters on the cutterhead is shown in Figure 4 . For the TBM cutter, the load is different according to the different parameters, such as the cutter installation method. The parameters influencing force F include the cutter structure parameters (the blade width T, cutter radius R, the blade angle θ), cutter layout parameters (cutter spacing S, installation radius ρ, phase angle difference of adjacent cutter α, installation angle β), driving parameter (blade penetration depth h, speed n, driving speed v, cutter and rock contact angle ϕ ), and rock According to the different installation angles, the force prediction model is divided into two categories: the compound multistage space-breaking force prediction model of the inner cutter and the center cutter, and the compound multistage space-breaking force prediction model of the gauge cutter.
(1) Load prediction model of the inner cutter and center cutter
In the elastic deformation stage, the pressed depth of the blade is small, which can be approximated as a rectangle. The contact area of rock is shown in Figure 5 , and the rectangular area is calculated as follows: where k is the elastic limit coefficient; for the rock, and k = 1.5-3.
In the extrusion crushing state, when the load continues to be applied, the force of the rock beneath the cutter head is greater than the uniaxial compressive strength, so the rock vertically below the cutter is crushed. Considering that the flat blade cutter is used widely in engineering, we provide a cutter mechanical model that considers confining pressure. The projection area in the rock surface of the area in which the disc cutter is fixed to the rock is shown in Figure 6 . The crushed rock area is calculated as follows:
where the contact arc length between the cutter and the rock is approximately equal to the chord length, as shown:
and the vertical and rolling force are, respectively, The force on the front of cutter tip F 3 is the component force of F ′ r in the direction of the cutter shaft, and the lateral force F s is as follows:
In the crack coalescence stage, the dense nucleus stage is divided into two main parts: the dense nucleus compaction process and the crack extension instability
process. In the dense nucleus compaction process, the contact area between the dense nucleus and the rock is almost the same, and lateral surrounding rocks are broken. Therefore, the lateral force cannot be calculated with the shear strength of rock. Before rock damage around the dense nucleus occurs, the contact area between the dense nucleus and the rock is a half circle (Figure 7) , and the contact area is calculated as follows:
Vertical force is calculated as follows:
In the process of compaction, the vertical load F of the cutter is equal to the resultant force of rock reaction force F 1 and the component force of rock reaction force F 2 on both sides of the blade in the vertical direction, as shown in Figure 8 . That is, Because the dense nucleus is in hydrostatic pressure, the pressure around the dense nucleus is the same. That is, the area corresponding to F 1 , F 2 is as follows:
(17)
(18) The relationship between the load F v of the cutter and the hydrostatic pressure P is as follows:
where P is the pressure of dense nucleus per unit area. In the process of compaction, the numerical value of P is increasing, and when P ≥ f (S)σ c , the rock reaches the uniaxial compressive strength and is broken. The vertical force is calculated as follows:
Rolling force F r is calculated as follows:
When the cutter is rolling in a straight line, the lateral force is the component force of F 2 in the horizontal, that is, The lateral stress F 3 of the cutter tip is the component force of F r in the direction of the cutter shaft, that is, When the strength of the rock is not the same, the lateral force is the difference between F ′ 2 and F 3 . Therefore,
(24)
(26)
the lateral force is the resultant force of rock pressure F ′ 2 exerted by the cutter blade angle and the component force of rolling force F 3 in the cutter shaft direction. So, the lateral force F s follows:
When the rock is in the process of crack growth, the rock on both sides of the cutter can reach the shear limit and can be broken, as shown in Figure 9 . The contact area of the lateral force follows:
At this point, the lateral force F s calculation formula is as follows:
Because the crack on both sides of the cutter is completely through, the rock-breaking area is (2) Gauge cutter multistage spatial load forecasting model
In the elastic deformation stage, the depth contact between the rock and the gauge cutters is small, so the area can be approximately equal to the contact area between the rock and the center cutter, and the calculation formula is same as that of center cutter.
In the extrusion crushing stage, because the driving direction of the gauge cutter and the installation direction have a certain angle, the contact part of the cutter and the rock can be seen as the wedge edge, as shown in Figure 10 . Therefore, the crushed rock area is calculated as follows: (27) 
(28)
(30) A = hS. So, the vertical force of the cutter is
The lateral force is with geometric relation, the rolling force is
In the crack coalescence stage, before the destruction of the surrounding rock, the contact area between the rock and dense nucleus is shown in Figure 11 and is calculated as follows:
Because the gauge cutter is located at the edge of the cutterhead, the influence of the installation radius on the (31)
(33)
(35)
(36)
lateral force can be neglected. Therefore, the lateral force calculation method of the gauge cutter is different from the center cutter. As the contact depth increases, the side of the cutter is constantly exposed to the new rock, and there is no dense core. The rock still has a side shear, however, and the area of this part is calculated as follows:
The lateral force is the resultant force, that is,
The rolling force is At this point, the rock-breaking area is
When the tilt angle is less than the blade angle θ, both sides of the rolling blade are involved in the rock breaking. The extent of the break is different and the influence is break, and therefore it is calculated according to the two inner cutters.
(37)
(38)
(39)
(40) A = hS. (3) Overall model In view of the different rock properties, we consider cutter structure parameters, layout, and the tunneling parameters. The rock-breaking process is divided into four stages: an elastic deformation stage, an extrusion crushing stage, a crack coalescence stage, and an unloading stage. We then deduce the compound multistage space-breaking load prediction models of the cutters in different position.
For the inner cutter and center cutter, the vertical force is
The lateral force is The rolling force is For the gauge cutter, the vertical force is The lateral force is (41)
�� cos β, crack coalescence stage.
(45)
The rolling force is
Prediction Model of Cutter Specific Energy
From the previous equations, we know that rock failure occurs in the compression failure stage, following Eqs. (6), (41), (43), (44), and (46). Therefore, we calculate the specific energy of the inner cutter as follows:
The specific energy of the gauge cutter is calculated as follows:
Engineering Project
We evaluated the driving performance of the two TBM cutterheads in the Liaoning Water Northwest Water Diversion Tunnel Project and Jilin Water Diversion Project under the same geological conditions: the Robbins (46)
, elastic deformation stage,
, crack coalescence stage. φ8.53 m (Figure 12a ) and the China Railway Construction Corporation (CRCC) φ7.8 m (Figure 12b ). The Liaoning Northwest Water Diversion Tunnel Project geological conditions are given in Table 1 . The Liaoning Northwest Water Diversion Tunnel Project is located in northern Shenyang. This area is drought prone, and the Liaoning Diversion Project was developed to address water problems in the region [26] . The main physical parameters of the two kinds of rock strata are given in Table 1 . The tunneling speed in the Migmatite is 2.6 m/h, and the rotation speed of the cutterhead is 6.26 r/min. In the Giant, the driving speed is 1.5 m/h, and the rotation speed of the cutterhead is 5.6 r/min.
Evaluation Instance of Slagging Ability
Figures 13 and 14 provide a discrete element simulation (simulation software: PFC.5.0) of the TBM cutterhead and the accompanying results.
According to calculation results from Eqs. (1) and (5), the index values of the slagging ability evaluation of the two cutterheads are given in Table 2 .
Slagging continuity and slagging stability have differences of 2.8% and 26.6%, respectively. These results show that the slagging ability of the two cutterheads is similar, that the slagging stability of CRCC scheme is worse, and that the slagging continuity of the CRCC scheme is better. Table 3 gives the main parameters of the Robins and CRCC cutterheads. Table 4 gives the energy consumption of the two cutterheads in the two kinds of rock strata. According to the previous parameters, and the different rock-breaking stage corresponding to the different penetration, we obtain the cutting efficiency and related parameters of the two cutterheads and combine these parameters with Eqs. (6), (7), (47), and (48).
Evaluation Instance of Cutting Ability
As shown in Table 5 , when the two programs have the same thrust and torque, even with different cutter spacing, the efficiency difference is 10%. This finding demonstrates that the CRCC cutterhead has a more reasonable design in regards to cutting efficiency.
Conclusions
This paper presents a multilevel evaluation system for the performance of TBM cutterheads. Using Robbins and CRCC TBM cutterheads as examples, the specific conclusions drawn are as follows.
(1) According to the specific situation of the former project, we established a comprehensive performance evaluation system of a TBM cutterhead and proposed the calculation method of each index to evaluate the performance of TBM cutterhead for cutting ability and slagging ability. bins and CRCC TBM cutterheads show that slagging continuity and slagging stability have differences of 2.8% and 26.6%, respectively. These results show that the slagging stability of CRCC scheme is worse, although its slagging speed is slightly higher than the Robbins scheme. The layout of Robbins scheme is more efficient for slagging stability. (4) As with cutting efficiency, when the two programs have the same thrust and torque, but different cutter spacing, the efficiency difference is 10%, which shows that the CRCC cutterhead has a more reasonable design. 
